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Abstract. The ratio of (pseudo)rapidity density of transverse energy and the (pseudo)rapidity density
of charged particles, which is a measure of the mean transverse energy per particle, is an important
observable in high energy heavy-ion collisions. This ratio reveals information about the mechanism of
particle production and the freeze-out criteria. Its collision energy and centrality dependence is almost
similar to the chemical freeze-out temperature till top Relativistic Heavy-Ion Collider (RHIC) energy.
The Large Hadron Collider (LHC) measurement at
√
sNN = 2.76 TeV brings up new challenges towards
understanding the phenomena like gluon saturation and role of collective flow etc. being prevalent at high
energies, which could contribute to the above observable. Statistical Hadron Gas Model (SHGM) with a
static fireball approximation has been successful in describing both the centrality and energy dependence
until top RHIC energies. However, the SHGM predictions for higher energies lie well below the LHC data. In
order to understand this, we have incorporated collective flow in an excluded-volume SHGM (EV-SHGM).
Our studies suggest that the collective flow plays an important role in describing ET /Nch and it could
be one of the possible parameters to explain the rise observed in ET /Nch from RHIC to LHC energies.
Predictions are made for ET /Nch, participant pair normalized transverse energy per unit rapidity and the
Bjorken energy density for Pb+Pb collisions at
√
sNN = 5.02 TeV at the Large Hadron Collider.
PACS. 25.75.Nq Relativistic heavy-ion collisions
1 Introduction
Heavy-ion collision experiments at ultra-relativistic en-
ergies aim to produce a partonic phase of matter and
study the Quantum Chromodynamics (QCD) deconfine-
ment transition. Also, these experiments explore/scan the
QCD phase diagram for a possible location of the criti-
cal point (CP), by controlling the temperature and bary-
ochemical potential by changing the collision species/ cen-
trality and collision energy. In these efforts, the future fa-
cilities like CBM experiment at FAIR energies (Elab : 10
AGeV-40 AGeV), the RHIC Beam Energy Scan programs,
the LHC, and beyond (FCC, ILC) would play a pivotal
role in exploring the QCD phase boundary, establishing
the nature of the QCD phase transition and the location
of CP. The RHIC at the Brookhaven National Labora-
tory, USA has successfully discovered a strongly interact-
ing partonic matter, which behaves like a liquid with the
lowest η/s ratio [1,2,3,4], which is comparable with the
ADS/CFT calculations [5]. The collision of small systems
(p+p) at the LHC seems to show collectivity [6], which is
a possible signature of Quark-Gluon Plasma (QGP) and
was initially expected to be formed only in top central
heavy-ion collisions. Along with the energy loss patterns
a email: Raghunath.Sahoo@cern.ch (corresponding author)
of heavy-quarks in the medium formed at the LHC, these
are few very important aspects of the new states of matter
formed at ultra-relativistic energies. In addition, the mat-
ter formed at LHC energies has been seen to show proper-
ties very different from that is observed at RHIC in many
aspects, i.e. suppression of J/ψ [7] and other quarkonia,
dET
dη(y)/
dNch
dη(y) ≡ ET /Nch showing behaviour not expected by
equilibrium Statistical Hadron Gas Model (SHGM) with
a static fireball approximation [8,9,10], the collision en-
ergy dependence of dNch/dη deviating from a logarithmic
behaviour etc. There is a need to study the global observ-
ables like ET /Nch in more details including the collectivity
in the system to understand its energy and centrality de-
pendence and to put some light on possible effects from
other sources like the gluon saturation.
The rapidity (pseudorapidity) density of transverse en-
ergy, dET / dy(η) is a measure of the energy distribution
and explosiveness of the collision. This is an important
observable, as it is the energy of the produced particles in
the transverse phase space, which was completely empty
before the collision. The energy of the incoming nuclei in
the longitudinal direction is converted to the energy of
the produced particles. The mid-rapidity measurement of
dET /dy is related to the initial energy density of the sys-
tem. In longitudinal boost invariant Bjorken hydrodynam-
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ics [11], this helps in making a direct comparison with the
lattice QCD prediction of energy density for a deconfine-
ment transition and thereby giving a first hint of a possible
partonic medium. The study of the centrality and collision
energy dependence of dET /dy(η) sheds light on possible
freeze-out criteria in heavy-ion collisions [8].
In this paper, we study the variation of ET /Nch with
respect to centrality and centre-of-mass energy (
√
sNN )
over a broad energy range from 2.7 GeV to 5.02 TeV using
EV-SHGM with collective flow. Experimentally, ET /Nch
increases rapidly at lower energies and then it saturates
around SPS energies up to top RHIC energy. Till lower
SPS energies, the increase in collision energy increases the
mean energy or transverse mass (mT ) of particles. From
SPS to RHIC energies, the additional energy pumped into
the system in terms of the increase in
√
sNN , goes towards
new particle production [8,9]. Recently, the experimen-
tal data at LHC energy of 2.76 TeV show a sharp rise
in this spectrum due to further increase in mean energy
or mT of the particles [9], and possible collective effects.
This behaviour of ET /Nch as a function of collision energy
does not follow a static fireball expectations [8]. In order
to understand this at LHC energies, we use our recently
proposed model, where we incorporate the attractive in-
teractions by including the resonances up to a mass of
2 GeV and repulsive interactions by assigning the geo-
metrical hard-core size to baryons. Mesons are treated as
pointlike particles in the model. We also incorporate the
collective flow in the model to explain the experimental
data at various energies particularly at LHC. In ref. [12],
the statistical model is also used to study the transverse
energy per charged particle at mid-rapidity with longi-
tudinal and transverse flows for a wide range of energies
from AGS to RHIC. In our case, we extend our analysis
up to LHC energies, where the role of collective flow is
more pronounced than at lower energies. In addition, we
study the centrality dependence of ET /Nch at
√
sNN =
200 GeV and 2.76 TeV, which is related to the chemical
freeze-out of the system. We study the energy dependence
of the associated observables like the participant pair nor-
malized dET /dy(η), the Bjorken energy density (Bj) in
order to study the created system at different energies and
the possible different behaviour at LHC energies, which
could serve the purpose of ruling out and/or establishing
different production mechanisms. In our calculation, we
assume that the chemical and thermal freeze-outs occur
simultaneously which infers the absence of the possible
elastic scattering after chemical freeze-out [13,14].
The paper is organized as follows: in section 2, we give
the formulation of the SHGM with an excluded volume
correction and the method of inclusion of collective flow.
In section 3, we present the results and discussions. In
section 4, we give the summary with outlook and open
problems.
2 Formulation of The Model
The formula for the number density of the i-th baryon in
the excluded-volume model using the Maxwell-Boltzmann’s
statistics is written as [15]:
nexi = (1−R)Iiλi − Iiλ2i
∂R
∂λi
, (1)
where R =
∑
i n
ex
i V
0
i is the fractional occupied volume by
the baryons [16]. V 0i = (4pi r
′3)/3 and λi are the eigen-
volume and fugacity of the i-th baryon having a hard-core
radius r′, respectively. Here we take r′ = 0.8 fm, which is a
free parameter in the discussed model. Ii is the momentum
integral for baryons in the Boltzmann’s statistics. Eq. 1
can be reduced in the following form [17,18]:
dNi
dy mT dmT dφp
=
giV λi
(2pi)3
[(
(1−R)− λi ∂R
∂λi
)
× Ei[
exp
(
Ei
T
)]]. (2)
Here y is the rapidity variable and mT =
√
m2 + pT 2 is
the transverse mass. Ei is the energy of the i-th baryon,
V is the total volume of the fireball formed at chemical
freeze-out and Ni is the number of the i-th baryon. We
assume that the volume of the fireball, V is the same for
all types of hadrons at the time of the homogeneous emis-
sions.
By using Ei = mT coshy, Eq. 2 can be written as [18]:
dNi
dy mT dmT dφp
=
giV λi
(2pi)3
[(
(1−R)− λi ∂R
∂λi
)
× mT coshy[
exp
(
mT coshy
T
)]]. (3)
2.1 Transverse Energy of Hadrons in a Thermal Model
The transverse energy, ET in an event is defined as:
ET =
∑
i
Ei sin θi, (4)
with θi as the polar angle made by the i-th particle in an
event with the detector. The sum is taken over all the par-
ticles emitted into a fixed solid angle within the detector
acceptance. Taking into account the calorimetry measure-
ment of ET , one redefines the energy of the individual
particles as [19,20,21],
Ei =
Etotal −m for baryonsEtotal +m for anti-baryonsEtotal for all other particles. (5)
Considering the above experimental formulae, we proceed
with the formulation of the transverse energy in EV-SHGM.
Using Eq. 3, we write the energy of the i-th baryon per
unit rapidity at mid-rapidity (y = 0) as:(dEi
dy
)
y=0
=
giV λi
(2pi)2
[(
(1−R)− λi ∂R
∂λi
)]
×
∫
m3T dmT[
exp
(mT
T
) ] . (6)
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Similarly, the energy of the m-th meson per unit ra-
pidity at y = 0 is calculated as:
(dEm
dy
)
y=0
=
gmV λm
(2pi)2
∫
m3T dmT[
exp
(mT
T
) ] . (7)
Here, gm and λm are the degeneracy factor and fugacity
of the m-th meson. The above equations give the energy
of the particles arising from a stationary thermal source.
2.2 Transverse Energy of Hadrons in a Thermal Model
with Flow
The invariant yield with the inclusions of collective flow
in EV-SHGM can be written as [22]:
Ei
d3Ni
dp3
=
giλi
(2pi)3
[
(1−R)− λi ∂R
∂λi
]
×
∫
exp
(−pµuµ
T
)
pλ dσλ. (8)
The freeze-out hypersurface dσλ in Eq. 8 is parametrized
in cylindrical coordinates (r, φ, η). In the derivation of Eq.
8, it is assumed that an isotropic thermal distribution of
hadrons is boosted by the local fluid velocity, uµ. Here,
four momentum (pµ) and uµ are defined as:
pµ = (mT coshy, pT cosφ, pT sinφ,mT sinhy), (9)
and
uµ(ρ, η) = coshρ(coshη, tanhρ, 0, sinhη). (10)
Now, Eq. 8 becomes,
dNi
mT dmT dy dφp
=
giλi mT
(2pi)3
[
(1−R)− λi ∂R
∂λi
] ∫
exp
(
− mT cosh(y − η) coshρ− pT sinhρ cosφ
T
)
r dr dφ dζ. (11)
Now, we make an assumption that the longitudinal
flow is boost invariant. In this case, the longitudinal flow
rapidity, η is equal to the energy-momentum rapidity, y
i.e., η = y. Thus, Eq. 11 is written as [23]:
dNi
mT dmT dy dφp
=
giλiτ0 mT
(2pi)3
[
(1−R)− λi ∂R
∂λi
] ∫
exp
(
− mT coshρ− pT sinhρ cosφ
T
)
r dr dφ, (12)
where τ0 is the proper freeze-out time. In the case of an
instant thermal freeze-out, Eq. 12 is reduced in a simpler
form [24],
dNi
mT dmT dy
=
giλiV mT
4pi3
[
(1−R)− λi ∂R
∂λi
]
× exp
(
− mT coshρ
T
)
I0
(pT sinhρ
T
)
. (13)
Here, ρ is the parameter given by ρ = tanh−1βr, βr
is the radial flow. V is the volume of the cylindrical mat-
ter. We assume that T and ρ are r-independent. I0 is the
modified Bessel function given as,
I0
(pT sinhρ
T
)
=
1
2pi
∫ 2pi
0
exp
(pT sinhρ cosφ
T
)
dφ. (14)
After incorporating the collective flow in thermal model,
we get the expressions for energy of baryons per unit ra-
pidity at y = 0 as follows:
(dEi
dy
)
y=0
=
giV λi
4pi3
[
(1−R)− λi ∂R
∂λi
] ∫
exp
(
− mT coshρ
T
)
I0
(pT sinhρ
T
)
m3T dmT . (15)
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In a similar fashion, we can calculate the energy per
unit rapidity at mid-rapidity of the mth meson as:
(dEm
dy
)
y=0
=
gmV λm
(4pi3)
∫
exp
(
− mT coshρ
T
)
×I0
(pT sinhρ
T
)
m3T dmT . (16)
Here, Em, gm, and λm represent the energy, degener-
acy factor and fugacity of the mth meson. Now, Eq. 4 can
be reduced in the following form:
〈ET 〉 = 〈
∑
i
Ei sin θi〉. (17)
The average of sin θ can be calculated as follows :
〈sin θ〉 = 1
4pi
∫
sin θdΩ =
1
4pi
∫
sin2 θ dθdφ, (18)
where dΩ (= sin θdθdφ) is the solid angle. Now, integrat-
ing the above equation for the pseudo-rapidity interval i.
e. |η| < 0.88, which almost lies in the mid-rapidity region,
〈sin θ〉 = 1
4pi
∫ 3pi/4
pi/4
sin2 θ dθ
∫ 2pi
0
dφ =
(pi
8
+
1
4
)
.(19)
We can write the expression of the transverse energy of
hadrons using the above equation as follows:
〈ET 〉 =
(pi
8
+
1
4
)[
〈E〉 −mN 〈NB −NB¯〉
]
. (20)
〈E〉 is the total energy of hadrons at mid-rapidity. NB −
NB¯ is the net-baryon at y = 0 which can be calculated
by using Eq. 3. After obtaining the transverse energy, we
calculate the Bjorken energy density using the following
formula [11]:
Bj =
dET
dy
1
τ pi R2
, (21)
where τ is the formation time and pi R2 is the transverse
overlap area of the colliding nuclei. There are various ways
to quantify the overlap area. Here, R is the radius of the
colliding nuclei given by R = R0 A
1/3. Replacing A by
Npart/2, where Npart is the number of nucleon partici-
pants [25], Bj becomes
Bj =
dET
dy
1
τ pi R20
(
Npart/2
)2/3 . (22)
3 Results and Discussions
In this section, we provide the results calculated using the
model described above and present the discussions.
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Fig. 1: The variation of Ndecays/N (upper panel) and
Nch/Ndecays (lower panel) at mid-rapidity (y = 0) with√
sNN at chemical freeze-out.
3.1 Estimation of Nch in EV-SHGM
In order to calculate the ratio ET /Nch, we estimate Nch
at mid-rapidity in terms of the number of primarily pro-
duced particles, N . We follow the same procedure for the
estimation of Nch as discussed in ref. [8]. We first calcu-
late the ratio of the total number of hadrons in final state,
Ndecays to the total number of primordial hadrons, N at y
= 0 with respect to
√
sNN over a broad energy range from√
sNN = 2.7 GeV to 5.02 TeV using EV-SHGM as shown
in the upper panel of figure 1. Now, we study the ratio of
the number of charged hadrons, Nch to Ndecays at mid-
rapidity with
√
sNN from 2.7 GeV to 5.02 TeV, which
is shown in the lower panel of figure 1. In order to cal-
culate these observables in the framework of EV-SHGM,
one needs the chemical freeze-out temperature (T ), and
baryon chemical potential (µB) at each
√
sNN as men-
tioned in references [15,26]. For the centrality studies at
RHIC and LHC energies, we estimate T and µB by taking
the best matching of the particle ratios between the exper-
imental data and the calculations done in the framework of
EV-SHGM for a given centrality class. These T and µB are
then used for the estimation of other observables discussed
in the paper. We find that the ratio Ndecays/N initially in-
creases rapidly with
√
sNN , because the production of res-
onances increases with energy and becomes saturated at
SPS energies, where chemical freeze-out temperature be-
comes independent of collision energy. Similarly, the ratio
Nch/Ndecays also increases with
√
sNN and gets saturated
at SPS energies. Although, these findings are the same as
observed in Ref. [8], the difference occurs at lower energies
where the excluded-volume correction is more effective.
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Table 1: The chemical freeze-out volume for pi− at mid-rapidity for various center-of-mass energies.
√
sNN (GeV) V (fm
3) (y=0)
2.7 5532
3.32 5446
3.84 4703
4.85 3350
7.7 1712
11.5 1172
19.6 1024
27 1041
39 1087
62.4 1402
130 1659
200 1940
2760 4355
5020 5476
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Fig. 2: The transverse momentum spectra of pi− at
√
sNN
= 7.7, 11.5, 19.6 and 27 GeV. Symbols are experimental
data [27] while lines are model calculations.
3.2 Transverse Momentum Spectra and Extraction of
Radial Flow
We have estimated using the model the chemical freeze-
out volume, V of pi− at various center-of-mass energies,
which are tabulated in table 1. For this, we divide the
experimental mid-rapidity density of pi− at a particular√
sNN to the corresponding value calculated in the model.
In figures 2 and 3, we show the pT spectra of pi
− for the
most central collisions at various
√
sNN from 7.7 GeV to
2.76 TeV. We use Eq. 13 for pi− to calculate pT -spectra,
where T and µB are taken from references. [15,26]. We
compare the results with the experimental data [27,28,29,
30] up to pT = 5 GeV and find a good agreement between
them. After comparison with the experimental data, we
get the value of the radial flow velocity, βr. In this paper,
we do not take the contributions of resonance decays while
calculating pT spectra, which may be the reason for a
deviation observed at lower pT [31]. This could be explored
in a future work.
 (GeV)
T
p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
)
-
2
dy
 (G
eV
T
dp Tp
pi
N
/2
2 d
2−10
1−10
1
10
210 39 GeV
Experimental Data
Our Model + Flow
 (GeV)
T
p
0 1 2 3 4 5
)
-
2
dy
 (G
eV
T
dp Tp
pi
N
/2
2 d
5−10
3−10
1−10
10
210 62.4 GeV
Experimental Data
Our Model + Flow
 (GeV)
T
p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
)
-
2
dy
 (G
eV
T
dp Tp
pi
N
/2
2 d
5−10
4−10
3−10
2−10
1−10
1
10
210 200 GeV
Experimental Data
Our Model + Flow
 (GeV)
T
p
0 1 2 3 4
)
-
2
dy
 (G
eV
T
dp Tp
pi
N
/2
2 d
5−10
4−10
3−10
2−10
1−10
1
10
210
310 2.76 TeV
Experimental Data
Our Model + Flow
Fig. 3: The transverse momentum spectra of pi− at
√
sNN
= 39, 62.4, 200 GeV and (pi−+pi+) at
√
sNN = 2.76 TeV.
Symbols are experimental data [27,28,29,30] while lines
are model results.
Figure 4 shows the variations of radial flow velocity, βr
extracted by fitting the pT spectra of pi
− in the framework
of EV-SHGM with respect to
√
sNN from 7.7 GeV to 2.76
TeV. We notice that it increases monotonically with the
collision energy with it’s lowest value at 7.7 GeV to the
highest value at LHC. This shows significant collectivity
in high energy heavy-ion collisions. We fit a phenomeno-
logically motivated power-law function, i. e. a+b(
√
sNN )
c
to the energy dependence of βr. Here, a, b and c are the
fit parameters. For the best fit we get, a = -2.206 ± 0.087,
b = 2.5243 ± 0.0867, and c = 0.0181 ± 0.0014. The pre-
dicted value of βr at
√
sNN = 5.02 TeV is 0.73 for the top
central Pb+Pb collisions. The extrapolated βr for
√
sNN
= 2.7 GeV is 0.36. It should be noted here that, in the
discussed energy domain although the radial flow shows a
linear increase with collision energy, as it is expected, it
has to start saturating at some higher energies in order to
satisfy the limit of speed of light, c.
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Fig. 4: The variations of the radial flow velocity (βr) ex-
tracted in our model with respect to
√
sNN . The solid line
is a power-law fit as mentioned in the text.
3.3 Transverse Energy and Bjorken Energy Density
In figure 5, we present the variations of (dET /dy)/0.5Npart
with respect to
√
sNN over a broad energy range from 2.7
GeV to 5.02 TeV. We calculate ((dET /dy)/0.5Npart) us-
ing Eq. 20 and compare with the experimental data [10,
19,21,32]. The open symbol in the figure at
√
sNN = 2.76
TeV represents the ALICE data [19] while solid symbol is
the measurement by the CMS experiment [32]. Here, we
take care of conversion of the dET /dη to dET /dy at LHC
by using the Jacobian factor J(η,y), which is 1.09 at this
energy [32]. We notice that the model with flow explains
the ALICE data within experimental error but lies below
to CMS data at LHC. We also show the results obtained
in the EKRT model [33] which is based on the calculation
of perturbative QCD with gluon saturation mechanism
and hydrodynamics. We observe that the EKRT model
lies below the experimental data up to top RHIC energy
but seems to explain the data at LHC energies.
Figure 6 represents the variations of the product of
Bjorken energy density (Bj) and formation time (τ) with
respect to
√
sNN from 2.7 GeV to 5.02 TeV. Furthermore,
the model with flow explains the experimental data [10,19,
21] satisfactorily. We also fit the experimental data using
the logarithmic function A + B ln(
√
sNN/
√
s0), where
A = - 2.32 ± 0.51 GeV/fm2, B=1.46 ± 0.12 GeV/fm2
are fit parameters and we take
√
s0 = 1 GeV. We notice
that this function fits the data only upto RHIC energies
and fails at LHC energies which suggests that logarithmic
behaviour is not valid at LHC energies in this case. This
could be an indication of a different particle production
mechanism playing a role at LHC energies, which needs
further investigations.
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/2
) (
Ge
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Experimental Data
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Fig. 5: The variation of dET /dy per number of participant
with respect to
√
sNN for the most central collisions. The
solid line represents our model calculation with flow and
the dashed line is the result obtained in our model without
flow. The dotted line presents the results of EKRT model.
Symbols are the experimental data points [10,19,21,32].
The values are calculated at various discrete energies.
 (GeV)NNs
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)2
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τ
Bj
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0
5
10
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20
Experimental Data
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Our Model + Flow
Fig. 6: The variation of Bjτ with respect to
√
sNN for the
most central collisions. The solid line represents our model
calculation with flow and the dashed line is the result ob-
tained in the stationary thermal model. The dotted line
represents the result of the logarithmic fitting function as
described in the text. Symbols are the experimental data
points [10,19,21].
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Fig. 7: The variations of particle ratios for Au-Au colli-
sions with respect to number of participants at
√
sNN =
200 GeV. Symbols show the experimental data [34] and
lines are model calculations.
3.4 Centrality Dependence of ET /Nch
In order to study the variations of ET /Nch with respect to
centrality for various
√
sNN , we need to estimate T and
µB for a given centrality class. To do this, we take vari-
ous experimentally measured identified particle ratios at
different centralities and match the corresponding particle
ratios, estimated by using the proposed model with T and
µB as inputs. Here, we have taken the contributions from
resonance decays while calculating the particle ratios. The
best comparison gives the approximate value of T and µB
for a given centrality, which is represented by the number
of participants (Npart). Then one uses these T and µB
values for the estimation of ET /Nch in the framework of
EV-SHGM. Figure 7 represents various hadron ratios such
as K+/pi+, K−/pi−, K−/K+, and p¯/p [34] with respect
to the number of participants, Npart for Au-Au collisions
at
√
sNN = 200 GeV. We select three centrality bins with
participant numbers 328±6 (most-central), 140±11 (mid-
central), and 62±10 (peripheral) while calculating the par-
ticle ratios. We find that T does not vary much with the
centrality while µB decreases rapidly from most central
to peripheral collisions. We find that our model explains
the data very well over all the centralities. For the sake
of convenience, we do not take the strangeness saturation
factor (γs) into account in our analysis. In Ref. [35], the
detailed analysis of variations of particle ratios with cen-
trality is done using γs. For
√
sNN = 2.76 TeV, we adopt
a similar method as discussed above to estimate central-
ity dependent T and µB , which are further used for the
estimation of ET /Nch at the LHC. The extracted values
of T and µB at this energy are tabulated in table 2.
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Fig. 8: The variations of hadron ratios for Pb-Pb collisions
with respect to Npart at
√
sNN = 2.76 TeV. Symbols show
the experimental data [36] and lines are our model results.
Figure 8 represents the centrality dependence of vari-
ous hadrons ratios for Pb-Pb collisions at
√
sNN = 2.76
TeV. Again, we find that T and µB do not vary much with
centrality at this energy. While calculating ratios with re-
spect to Npart, we select three centrality bins in our model
with participant numbers 382±17 (most-central), 128±16
(mid-central), and 7±4 (peripheral). We do not include γs
in this analysis for the sake of simplicity. We compare our
results with the experimental data [36] and find that the
model explains the data very well over all the centralities.
Again, T and µB extracted at this energy are tabulated
in table 2
In figure 9, we show the variations of ET /Nch with
Npart. In the upper panel, we show the results for Pb-Pb
collisions at
√
sNN=2.76 TeV. We calculate ET /Nch by
using the values of T and µB given in the table 2. We com-
pare our results with the experimental data and find that
EV-SHGM with flow describes the experimental data [19]
within the experimental errors. In the lower panel, the re-
sults for Au-Au collisions at
√
sNN = 200 GeV are shown.
Again, we take the values of T and µB as given in the ta-
ble 2 while studying the Npart dependence of ET /Nch at
this energy. We compare our results with the experimental
data [19,20] and find a very good agreement. In our cal-
culations, we take the same centrality bins as used in the
calculation of particle ratios at these energies. ET /Nch is
almost independent of centrality except at lower central-
ity bins. The present model explains the data well except
at a lower Npart. In Ref. [37], it is argued that in a kinetic
freeze-out scenario, the temperature is centrality depen-
dent because during the kinetic freeze-out process there
is a competition between local scattering and global ex-
pansion. Thus, the kinetic temperature is sensitive to the
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Table 2: Temperature and Baryon Chemical Potential extracted after fitting the particle ratios for various centrality
at
√
sNN = 200 GeV and 2.76 TeV. Most-central, mid-central and peripheral are defined in the text for both energies.
Centrality
√
sNN = 200 GeV
√
sNN = 2.76 TeV
T (MeV) µB (MeV) T (MeV) µB (MeV)
Most-central 169 23.5 169 1.7
Mid-central 168.5 17 168.5 1.0
Peripheral 168 5.5 168 0.5
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Fig. 9: Transverse energy per charged particle versus num-
ber of participants for Au-Au collisions at
√
sNN = 200
GeV (bottom) and for Pb-Pb collisions at
√
sNN = 2.76
TeV (top). Symbols are the experimental data [19,20].
Solid lines are the results obtained in our model with flow
while dotted lines are for the model without flow.
freeze-out process and hence becomes centrality depen-
dent. In the case of chemical freeze-out, the temperature
is observed to be centrality independent [38]. This is be-
cause during this process, the chemical reactions decrease
abruptly leaving behind the chemically frozen state at the
freeze-out and thus the chemical freeze-out temperature
is insensitive to the collective dynamics but depends on
thermodynamical variables. The observation of a central-
ity independence of ET /Nch at RHIC and LHC thus indi-
cates a chemical freeze-out scenario. This argument could
be strengthened further in the subsequent section, when
we make a direct comparison of ET /Nch values with the
universal freeze-out criteria.
3.5 Energy Dependence of ET /Nch
In figure 10, we demonstrate the ratio ET /Nch for the
most-central collisions with respect to
√
sNN starting from
2.7 GeV to 5.02 TeV. We confront EV-SHGM calculations
 (GeV)NNs
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Fig. 10: Transverse energy per charged particle (ET /Nch)
as a function of collision energy
√
sNN . Experimental data
[10,19,21,32] are compared with the expectations from
EV-SHGM with and without the effect of collective flow.
The values are calculated at discrete energies.
with the experimental data [10,19,21,32]. Here, the solid
symbol at LHC is the CMS data [32] while open symbol
is the ALICE data [21]. The thermal model without flow
seems to explain the data at SPS and RHIC energies quali-
tatively but fails at LHC energies. These findings may hint
for a possible effect of collective flow, which plays an im-
portant role at the LHC. We notice that our model with
flow explains the ALICE data [19] within the experimen-
tal errors whereas the CMS data [32] stays a little higher
than EV-SHGM with flow. This hints for a more precise
estimation of ET /Nch at the LHC. We have shown the pre-
dictions for ET /Nch in Pb+Pb collisions at
√
sNN=5.02
TeV using the extrapolated value of βr as discussed above.
3.6 ET /Nch and Freeze-out
In this section, we discuss the comparison of the exper-
imental data on the ratio ET /Nch with that calculated
in EV-SHGM using various universal freeze-out criteria
in heavy-ion collisions, such as the energy per hadrons
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Fig. 11: The comparison between the experimental data
on ET /Nch and the expectations from various universal
freeze-out criteria in the framework of an EV-SHGM.
(E/N) [39,40], the sum of baryons and antibaryons (nB +
nB¯) [41], the normalized entropy density, s/T
3 [42], and
the entropy per particle (S/N) [26]. These observables are
almost independent of
√
sNN except at lower energies. In
figure 11, we show the variations of ET /Nch with
√
sNN
from AGS to LHC energies. Here, the symbols are the ex-
perimental data while the lines are those calculated using
various freeze-out criteria in our excluded-volume model.
We find a similar behaviour between the experimental
data and those calculated using various freeze-out criteria
[43] in our model upto top RHIC energy, while at LHC en-
ergies our calculations could not explain the experimental
data. This points to further investigation(s) to understand
the possible reason(s) for the deviation of LHC data from
the universal freeze-out criteria.
4 Summary and Conclusion
In summary, we have performed a calculation of global ob-
servables like transverse energy of hadrons, charged par-
ticle multiplicity and their ratios at mid-rapidity using
an excluded-volume statistical-thermal model. We calcu-
late the transverse momentum spectra of pi− at various√
sNN by using EV-SHGM. We get the radial flow ve-
locity at various energies by comparing our calculations
with the experimental data. We then estimate the trans-
verse energy per unit rapidity and Bjorken energy density
at different
√
sNN . We study the centrality dependence
of various hadron ratios using EV-SHGM and extract T
and µB at RHIC and LHC energies. The estimated val-
ues of T and µB are then used to study the centrality
dependence of the ratio ET /Nch. Finally, we calculate the
ratio ET /Nch at various energies using EV-SHGM with
and without flow. Further we study various freeze-out cri-
teria in the framework of EV-SHGM using ET /Nch as the
observable.
In conclusion, we have successfully described theNpart-
dependence of various hadron ratios using the excluded-
volume model. We observe that the inclusion of the collec-
tive flow in the model qualitatively explains the central-
ity data at the LHC, with some degree of deviations for
higher centralities. While studying the energy dependence
of ET /Nch, we observe that the EV-SHGM with collective
flow does not explain the CMS data at the LHC, whereas
the ALICE data at the same energy is well explained.
Precision measurements of ET /Nch at LHC energies are
needed to see if mechanisms other than the collective flow
play a role. The energy dependence of Bjorken energy
density, pseudorapidity densities of charged particles and
transverse energy and total charged particle multiplicity
showing deviations from a logarithmic behaviour [9,44,
45,46,47,48,49,50] at LHC may indicate a different mul-
tiparticle production mechanism at the LHC, compared to
lower collision energies. The observed increase in ET /Nch
from RHIC to LHC is attributed to an increase in 〈pT 〉 and
the onset of higher collective flow at the LHC. Our com-
parison of the energy dependence of ET /Nch with various
universal freeze-out criteria reveals that further investiga-
tions are necessary in order to have a proper understand-
ing of the LHC data and its connection with freeze-out.
We give a prediction for the value of ET /Nch = 1.45 GeV
with radial flow using EV-SHGM for
√
sNN = 5.02 TeV.
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